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SUMMARY 
Three gene ra l - av i a t i on  a i r p l a n e  specimens, each wi th  a  mass of 2700 kg,  
were c r a s h  t e s t e d  a t  27 m/sec along f l i g h t - p a t h  ang le s  of -15O, -30°, and -45O 
a t  t h e  Langley impact dynamics research  f a c i l i t y .  These tests a r e  pa,r t  of a  
program being conducted under c o n t r o l l e d  impact cond i t i ons  t o  determine the  
e f f e c t s  of s e l e c t e d  impact parameters  on c r a s h  response. I n  t h e  p r e s e n t  inves- 
t i g a t i o n ,  f l i g h t - p a t h  ang le  was t he  o n l y  impact parameter var ied .  Although 
o the r  f a c t o r s  such a s  r o l l ,  yaw, p i t c h ,  v e l o c i t y ,  angular  r a t e s ,  impact s u r f a c e r  
f i r e ,  etc., can a f f e c t  a i r p l a n e  c r a s h  behavior ,  such f a c t o r s  were no t  covered 
i n  t h i s  i n v e s t i g a t i o n .  
The c r a s h  tests revea led  t w o  d i s t i n c t  s e q u e n t i a l  impacts: an i n i t i a l  
impact when t h e  fu se l age  nose f i r s t  contac ted  t h e  ground and a  second impact 
when the  cab in  a r e a  i n  t h e  v i c i n i t y  of  t h e  wing spa r  contac ted  t h e  ground. The 
second impact produced t h e  h i g h e s t  a c c e l e r a t i o n s  i n  t h e  cab in  a r ea .  Changing 
t h e  f l i g h t - p a t h  angle  had a  g r e a t e r  e f f e c t  on s t r u c t u r a l  damage and acce le ra -  
t i o n  i n  t h e  forward p o r t i o n  of  t h e  fu se l age  from t h e  nose to t h e  f i r e  w a l l  than  
i n  t h e  cab in  a rea .  S t r u c t u r a l  damage to t h e  nose s e c t i o n  was s eve re  a t  f l i g h t -  
pa th  ang le s  o f  -30° and -4S0, bu t  damage was moderate a t  a  f l i g h t - p a t h  angle  
o f  -15O. A t  -15O and -30°, c ab in  volume was s u f f i c i e n t l y  maintained f o r  t h e  
occupants to su rv ive ;  a t  -45O, however, t h e  " l i v a b l e  volume" was e l imina ted  by 
t h e  s t r u c t u r a l  c o l l a p s e  o f  t h e  cab in  i n  t h e  v i c i n i t y  o f  t h e  crew and t h e  f i r s t  
passenger.  The v a r i a t i o n s  i n  normal and l o n g i t u d i n a l  a c c e l e r a t i o n  magnitudes 
i n  the  f i r s t -pas senge r  p e l v i s  from t h e  t h r e e  f l i g h t - p a t h  ang le s  a r e  func t ions  
o f  t h e  s e a t  s t r u c t u r e  and t h e  c rush ing  of  t h e  fuse lage .  
INTRODUCTION 
With t h e  r ap id  growth o f  p r i v a t e  and commercial a i r  t r a f f i c  s i n c e  World 
War 11, inc reas ing  emphasis has  been focused on causes  o f  passenger i n j u r i e s  and 
dea ths  i n  s eve re  bu t  p o t e n t i a l l y  su rv ivab le  c rashes .  NACA (Nat iona l  Advisory 
Committee f o r  Aeronaut ics ) ,  t h e  predecessor  of  NASA (Nat iona l  Aeronaut ics  and 
Space Adminis t ra t ion) ,  conducted a  series of  f u l l - s c a l e  a i r p l a n e  c r a sh  t e s t s  
wi th  instrumented dummies i n  t he  e a r l y  1950's  ( r e f s .  1 and 2 ) .  These tests were 
performed by a c c e l e r a t i n g  t h e  a i r p l a n e  along a  h o r i z o n t a l  gu ide  r a i l  i n t o  an 
ea r then  mound. La te r  NACA s t u d i e s  shed some l i g h t  on t h e  dynamic response of 
s e a t  s t r u c t u r e s  to impact l oads  ( r e f .  3)  and r e s u l t e d  i n  a  CAA ( C i v i l  Aeso- 
n a u t i c s  Adminis t ra t ion)  update i n  s t a t i c  s e a t  s t r e n g t h  requirements.  The a i r -  
p lanes  p rev ious ly  t e s t e d  by NACA, however, a r e  n o t  s t r u c t u r a l l y  r e p r e s e n t a t i v e  
of c u r r e n t  genera l -av ia t ion  a i r p l a n e s .  I n  1973, a  j o i n t  general-aviait ion crash-  
test  program was i n i t i a t e d  by t h e  Federa l  Avia t ion  Adminis t ra t ion  (FPA) and 
NASA. 
A s  p a r t  o f  t h i s  program, NASA Langley Research Center is conducting a  
s e r i e s  of  c r a s h  tests to o b t a i n  information on s ing l e -  and twin-engine a i r p l a n e s  
under c o n t r o l l e d  f r e e - f l i g h t  condi t ions .  The v a r i a t i o n s  i n  impact parameters  
a r e  shorn i n  t a b l e  I f o r  t he  twin-engine a i r p l a n e s .  Objec t ives  of  t h e  test 
program a r e  t o  understand what happens t o  t h e  s t r u c t u r e  o f  an a i r p l a n e  dur ing  
a s i m ~ ~ l a t e d  c r a s h  and t o  l e a r n  how va r ious  impact parameters  a f f e c t  t h e  magni- 
tude and p a t t e r n  o f  t h e  s t r u c t u r a l  damage. This  information is e s s e n t i a l  f o r  
p red ie" tm s t r u c t u r a l  c o l l a p s e  and des ign ing  new concepts  f o r  s e a t s ,  occupant 
restnrzsint systems, and cab in  i n t e r i o r s .  Crash- tes t  d a t a  can a l s o  be c o r r e l a t e d  
wi th  a n a l y t i c a l  p r e d i c t i o n s  using e l a s t o - p l a s t i c ,  l a r g e  d e f l e c t i o n ,  computer 
programs ( r e f ,  4 ) .  
There a r e  c e r t a i n  l e t h a l  c r a shes  i n  which t h e  a i r p l a n e  s t r u c t u r e  is 
damaged beyond hope o f  s u r v i v a b i l i t y  f o r  t h e  occupants.  The c r a s h  s t u d i e s  a t  
LangBey Research Center ,  however, a r e  d i r e c t e d  toward those  c r a shes  i n  which 
t h e  impacted s t r u c t u r e  r e t a i n s  s u f f i c i e n t  " l i v a b l e  volume" f o r  occupant su r -  
v i v a b i l i t y .  A " l i v a b l e  volume" is a volume s u f f i c i e n t  i n  s i z e  t o  main ta in  
space between t h e  occupant and t h e  s t r u c t u r e .  
I n  t he  p re sen t  i n v e s t i g a t i o n ,  t h r e e  a i r p l a n e s  were c r a s h  t e s t e d  a t  an 
impact f l i g h t - p a t h  v e l o c i t y  o f  27 m/sec, which is approximately 70 pe rcen t  o f  
t h e  s t a l l  f o r  t h i s  type  o f  a i r p l a n e ,  along f l i g h t - p a t h  angles  of  -150, -300, 
and -45", E f f e c t s  o f  changing t h e  f l i g h t - p a t h  angle  a t  impact, wi th  ang le  o f  
attack and f l i g h t - p a t h  v e l o c i t y  being he ld  cons t an t ,  a r e  d i scussed  i n  terms o f  
a c c e l e r a t i o n  and s t r u c t u r a l  damage. Other f a c t o r s  a f f e c t i n g  an a i r p l a n e  c r a s h  
such a s  r o l l ,  yaw, angular  r a t e s ,  f l i gh t -pa th  v e l o c i t i e s ,  va r ious  impact sur-  
faces, fire, e t c e r  a r e  n o t  covered here .  It should be  emphasized t h a t  t h e s e  
tests were no t  conducted f o r  t h e  purpose of  eva lua t ing  t h e  s a f e t y  of  a pa r t i cu -  
l a r  a i r p l a n e  bu t  r a t h e r  to ga the r  d a t a  on c r a s h  phenomena which should be help- 
ful i r ~ ,  des ign ing  f u t u r e  a i r p l a n e s .  A motion-picture f i l m  supplement on t h e s e  
t e s t s  a t  t h e  t h r e e  f l i g h t - p a t h  ang le s  is a v a i l a b l e  on loan. A r eques t  ca rd  
form and a d e s c r i p t i o n  of  t h e  f i l m  a r e  found a t  t h e  back of t h i s  paper.  
TEST FACILITY 
The f u l l - s c a l e  c r a s h  tests were performed a t  t he  Langley impact dynamics 
research  f a c i l i t y  shown i n  f i g u r e  1, and desc r ibed  i n  r e f e r ence  5. The b a s i c  
s t r u c t u r e  o f  t he  f a c i l i t y  is t h e  gan t ry  which is 73 m high and 122 m long. A 
movable br idge  spans t h e  gan t ry  a t  t h e  66-m l e v e l  and can t r a v e r s e  t h e  l eng th  
of t h e  gant ry .  A c o n t r o l  room and an observa t ion  room a r e  l oca t ed  i n  t h e  bui ld-  
i n g  a t  t h e  base o f  t h e  gant ry .  Along t h e  c e n t e r  l i n e  o f  t h e  gan t ry  a t  ground 
level is a s t r i p  o f  r e in fo rced  conc re t e  122 m long, 9 .1  m wide, and 0.2 m t h i c k  
which is use~d a s  t h e  impact su r f ace .  The impact s u r f a c e  and a movable backboard 
have ei p a in t ed  1-m g r i d  system f o r  photographic  background. 
The systems necessary  to perform t h e  f u l l - s c a l e  c r a s h  tests a r e  shown i n  
f i g u r e  2 ,  Swing-cable p ivo t -poin t  p la t forms  loca t ed  a t  t h e  west end of  t h e  
gan t ry  suppor t  t h e  winches, sheaves,  and p u l l e y  systems f o r  c o n t r o l l i n g  t h e  
length of " c h e  swing cab les .  A pullback platform,  a t t ached  to the  underside of  
the m v a b l e  br idge ,  suppor t s  a winch, sheave, and p u l l e y  system f o r  c o n t r o l l i n g  
t h e  l eng th  s f  t he  pul lback cab le .  The swing and pul lback c a b l e s  a t t ached  t o  
the l i f t i n g  harness  which makes up t h e  test-specimen suspension system a r e  
shorn i n  f i g u r e  3 .  
The test  specimen, suspended by t w o  swing c a b l e s  from t h e  gan t ry ,  is 
pul led  t o  t h e  d e s i r e d  he igh t  by t h e  pu l lback  cab l e .  The tes t  sequence is 
i n i t i a t e d  when the  a i r p l a n e  is r e l ea sed  from the  pul lback cab le .  Tlhe test  
specimen swings pendulum s t y l e  i n t o  t h e  impact s u r f a c e  a s  shown i n  f i g u r e  4, 
The swing c a b l e s  a r e  py ro t echn ica l ly  separa ted  p r i o r  t o  ground con tac t  when 
t h e  specimen is approximately 2 m from t h e  impact su r f ace  along t h e  f l i g h t  
path.  The test  specimen, t he re fo re ,  is f r e e  from r e s t r a i n t  during the c r a s h  
sequence. The umbi l i ca l  ( f i g .  3)  remains a t t ached  dur ing  t h e  impact f o r  da ta  
a c q u i s i t i o n  and is py ro t echn ica l ly  separa ted  a t  approximately 0.75 s e e  a f t e r  
swing-cable s epa ra t i on .  
The f l i g h t - p a t h  and a t t i t u d e  ang le s  of  t he  a i r p l a n e  a r e  i d e n t i f i e d a  
toge ther  wi th  t h e  axes  and f o r c e  d i r e c t i o n s ,  i n  f i g u r e  5. The f l iglht-path 
angle  was ad jus t ed  f o r  -15O, -30°, and -45O (see f i g .  4) by varying the  length 
of t h e  swing c a b l e s ,  t h e  longer  l eng th  producing t h e  s t eepe r  angle .  The he igh t  
of t he  t e s t  specimen was c a l c u l a t e d  to g ive  a f l i g h t - p a t h  v e l o c i t y  of 27 m/sec. 
This v e l o c i t y  is t h e  maximum o b t a i n a b l e  a t  t h e  f a c i l i t y  f o r  a smootlh gravi . ty  
induced swing and is approximately 70 pe rcen t  of  t h e  s t a l l  speed f o r  this type 
of a i r p l a n e .  
TEST SPECIMENS 
Airp lane  specimens used f o r  t h e  tests were o f  twin-engine genera l -av ia t ion  
type, having a nominal mass of  2700 kg and a c a p a c i t y  f o r  s i x  t o  e i g h t  passen- 
gers .  The t h r e e  a i r p l a n e  specimens and parameters  a r e  shown i n  f i g u r e  6, The 
-15O test  specimen i n  f i g u r e  6 ( a )  c o n s i s t s  of  a fu se l age  s t r u c t u r a l  s h e l l ,  
wings wi th  n a c e l l e  f a i r i n g s ,  and landing  gear .  The mass and c e n t e r  of g r a v i t y  
of the  empennage were s imulated by two concent ra ted  masses which relpresent. t he  
f in-rudder  and s t a b i l i z e r - e l e v a t o r  combinations. The a i l e r o n s  and f l a p s  were 
a l s o  s imulated by concent ra ted  masses. Masses were added t o  s imula te  t h e  mass 
and c e n t e r  of  g r a v i t y  of t h e  engines ,  p r o p e l l e r s ,  and sp inne r s ;  t h e  f u e l  blad- 
d e r s  were f i l l e d  with co lored  water t o  s imula te  t he  f u e l  mass and t o  help l o c a t e  
bladder leakage,  i f  any, dur ing  t h e  t e s t i n g ;  and s p o i l e r s  were a t t ached  t o  t h e  
wings to minimize t h e  aerodynamic l i f t .  The -30° and -45O test  specimens 
( f i g s .  6 ( b )  and 6 ( c ) )  had a l l  t h e  major a i r p l a n e  p a r t s  and equipment of a 
f l i gh twor thy  a i r p l a n e  except  t h a t  t he  engines ,  p r o p e l l e r s ,  and sp inne r s  were 
s imulated a s  f o r  t h e  -15O test  specimen. 
The s e l e c t e d  arrangements of  s e a t s ,  anthropomorphic dummiesr and r e s t r a i n t  
systems a r e  shown i n  f i g u r e  7. For t h e  -30° test  specimen, Hybrid 11 anthropo- 
morphic dummies were used (see r e f .  6 ) ,  and t h e i r  r e s p e c t i v e  masses a r e  given 
next  to each dummy i n  f i g u r e  7. For t h e  -150 and -45O test  specimens, e a r l i e r  
ve r s ions  of  anthropomorphic dummies were used s i n c e  t he se  t e s t s  were performed 
ch rono log ica l ly  e a r l i e r  i n  t h e  test series. The masses o f  t he se  e a r l i e r  dum- 
mies a r e  a l s o  given i n  f i g u r e  7 .  The -15O and -30° test  specimens d i d  not  have 
f l o o r  boards,  ins t rument  pane l ,  o r  f u r n i s h i n g s  (except  s e a t s ) ;  whereas t h e  -45" 
test  specimen had f l o o r  boards,  c a rpe t ing ,  and an instrument  pane l  without  
ins t ruments .  A l l  test specimens contained b a t t e r i e s ,  ins t rumenta t ion  junc t ion  
boxes, pyro technic  programer, and va r ious  e l e c t r i c a l  junc t ion  boxes and e i r -  
c u i t s  needed t o  perform t h e  c r a sh  test.  Concentrated masses were a l s o  used 
to simulate some items which are integral to a complete airplane and were 
arranged to provide the proper balance and center-of-gravity location of the 
test spec imen. 
INSTRUMENTATION 
Onboard instrumentation consisted of accelerometers, load cells, and high- 
spee6 motion-picture cameras to provide data pertaining to the dynamic behavior 
of the airplane structure, cabin seats, and anthropomorphic dummies. External 
photographic coverage (see fig. 2) of the crash sequence was provided by track- 
ing cameras and fixed motion-picture cameras located on each side of, in front 
of, and above the test specimen. 
The accelerometer locations are shown in figure 8. The accelerometers 
were oriented in normal, longitudinal, and transverse directions. Each loca- 
tion - for example, 2B9N - is designated by its coordinates as follows: the 
first nuder "2" indicates the longitudinal coordinate; the first letter "B" 
indicates the vertical coordinate (floor to roof) ; the second number "9" indi- 
cates the transverse coordinate; and the second letter "Nql indicates the accel- 
erometer orientation with respect to the airplane body-axes system. (That is, 
the accelerometer location on the floor beam nearest the nose is designated 2B9, 
and the accelerometer at that location oriented in the normal direction is 
designated 2B9N.) The longitudinal and transverse orientations are designated 
L and T p  respectively. 
Data signals were transmitted through an umbilical cable to a junction box 
on top of th~e gantry and from there, through hard wire, to the control room 
where the data signals were recorded on FM tape recorders. In order to corre- 
%ate data signals on the FM recorders and the external motion-picture camera 
datas a time code was recorded simultaneously on the magnetic tape and on the 
film, There was also a time-code generator onboard the airplane for use with 
the onboard cameras. To obtain the horizontal velocity of the airplane at 
impact, a Doppler radar unit was placed on the impact surface approximately 
60 m aft of the impact point and the signal was recorded on one channel of the 
FM tapes. 
The accelerometer data and data-reduction techniques are described briefly 
in the appendix and in reference 7. Both piezoelectric and strain-gage accel- 
erometers were used in these tests. The output of the piezoelectric accelerom- 
eters, however, exhibited various degrees of zero shift with increasing time. 
This problem was compounded by the multiplicity of pulses to which each accel- 
erometer was subjected during the tests. As a result there is some unknown 
error in the absolute value of accelerations recorded after the first pulse. 
A casual inspection of the acceleration traces does not reveal the zero 
shift nor an error in the absolute value of the accelerations recorded. Only 
after the acceleration traces are integrated and the results are compared with 
knom velocity values does the effect of zero shift become evident. All peak- 
to-peak acceleration values are believed to be accurate. Hence, data are 
analyzed in terms of peak-to-peak values for comparative purposes. 
RESULTS AND DISCUSSION 
Assessment o f  S t r u c t u r a l  Damage 
-15O t e s t  specimen.- The photographic  sequence presen ted  i n  f i g u r e  9 shows 
t h e  -150 test  specimen a t  its f u l l  pul lback h e i g h t  i n  t h e  f i r s t  photograph 
( f i g .  9  ( a )  ) . Figures  9 (b)  and 9 (c) show the  l i f t i n g  harness  c o n t r o l l  ing  the 
g l i d e  pa th  of  t h e  test  specimen. F igure  9 ( d )  shows t h e  i n i t i a l  impact wi th  t h e  
r e s t r a i n t  harness  s epa ra t ed  from t h e  test  specimen so a s  t o  permit  f r e e  f l i g h t  
a t  impact. The time i n t e r v a l  o f  t h e  photographic  sequence, beginninlig wi th  f i g -  
u re  9 ( d ) ,  is 0.05 sec. F igure  9 ( e )  shows the  c rush ing  of  t h e  noser  and fig- 
ure  9 ( f )  shows t h e  wings f l a t  on t h e  impact s u r f a c e  and t h e  i n i t i a l  movement 
of t he  dummies. Figure 9 ( g )  shows t h e  slapdown of  t h e  a f t  f u se l age  s e e t i a n  and 
the  r e s u l t i n g  wr ink le s  i n  t h e  s k i n  su r f ace ,  s e p a r a t i o n  o f  t h e  fu se l age  alapng 
the  lower window ledge ,  and t h e  door opening. The remaining photographs 
( f i g s .  9  (h) to 9 (1) ) show t h e  cont inu ing  deformation of  t h e  test  specimen 
through s l i d e  ou t .  I n spec t ion  of  t he se  photographs i n d i c a t e s  t h a t  t h e  l ivab le  
volume of t h e  cab in  was maintained throughout  t h e  c r a s h  sequence. 
The e x t e r i o r  damage t o  t he  -lSO test  specimen is shown i n  f i g u r e  10 .  A s  
seen i n  t h e  o v e r a l l  view o f  t h e  r i g h t  s i d e  ( f i g .  1 0 ( a ) ) ,  buckl ing oczcurred i n  
the  nose s e c t i o n ,  a t  t h e  f i r e  wal l ,  and along t h e  bottom of  t h e  fuse lage .  A s  
shown i n  f i g u r e s  10 (c) and 10 (d)  , t h e r e  is r i v e t  shear  a c r o s s  t h e  t o p  of  t h e  
fu se l age  a f t  o f  t h e  p i l o t  and c o p i l o t .  Also, r i v e t  shear  is ev iden t  a f t  from 
t h e  escape hatch along t h e  window ledge  and downward a t  t h e  r e a r  o f  t h e  t h i r d  
window. (See f i g s .  1 0 ( a )  and 1 0 ( b )  . )  The breaking o f  t h e  p i l o t ' s  \windshield 
and s i d e  window was due t o  deformation o f  t h e  forward cab in  s e c t i o n  
( f i g .  10 ( a )  ) . 
Damage to t h e  cab in  i n t e r i o r  is  shown i n  t h e  fou r  photographs o f  figure 11, 
The f i r s t  photograph ( f i g .  l l ( a ) )  is a  view looking a f t  from t h e  cockp i t  where 
buckling can be seen  i n  t h e  s t i f f e n e r s  which t i e  toge the r  t h e  two main f l o o r  
beams. Figure l l ( b )  is a view looking forward from t h e  t a i l  s e c t i o n  and aga in  
show t h e  main f l o o r  beams and t h e  buckled s t i f f e n e r s .  The fou r  photographs of  
f i g u r e  11 a l s o  show t h e  l a y o u t  o f  s e a t s ,  dummies, a d d i t i o n a l  masses, and i n s t r u -  
mentat ion equipment. The apparen t  upward movement o f  t h e  f l o o r  s e c t i o n  is shown 
by the  outward r o t a t i o n  o f  t h e  s e a t s .  The view looking through t h e  doorwa,y8 
f i g u r e  11 (c) , and t h e  view of t h e  cockp i t ,  f i g u r e  11 (d) , show moderilte i n t e r i o r  
damage. 
-30° test specimen.- The un re s t r a ined  -3Q0 test  specimen dur ing  t h e  impact 
sequence is shown i n  f i g u r e  12. The photographic  sequences a r e  a t  13.05-see 
i n t e r v a l s ,  wi th  f i g u r e  12 (b )  being j u s t  p r i o r  to impact. F igure  1 2 ( e )  shows 
t he  c rush ing  o f  t h e  nose. The photograph o f  f i g u r e  1 2 ( d )  shows t h e  engine mak- 
ing  c o n t a c t  and d igging  i n t o  t h e  impact s u r f a c e ,  wi th  h igh  l o n g i t u d i n a l  decel- 
e r a t i o n  being experienced a t  t h i s  t i m e .  The i n i t i a l  movement of t he  dumy,  as  
seen through t h e  window, occu r s  i n  f i g u r e  1 2 ( d ) .  Shown i n  f i g u r e  1 2 ( e )  a r e  t h e  
wing t i p s  l y i n g  f l a t  on t he  impact s u r f a c e  and t h e  cab in  deformation w h i c h  
r e s u l t s  i n  t h e  window ad jacen t  t o  t h e  f i r s t  passenger being broken and t h e  door 
being opened. F igure  12 (h)  shows t h e  slapdown of  t he  a f t  c ab in  s e c t i o n  wi th  
pronounced s k i n  buckl ing behind t h e  door. 
The e x t e r i o r  damage r e s u l t i n g  from t h e  c r a sh  is shown i n  f i g u r e  13. A 
view of t h e  r i g h t  s i d e  and nose s e c t i o n  shown i n  f i g u r e  1 3 ( a )  shows seve re  
strut-tural damage t o  t h e  nose s e c t i o n ,  broken windshield,  r i v e t  shea r ,  and 
cabin  s e p a r a t i o n  i n  t h e  v i c i n i t y  of  t h e  main spa r  a f t  of  t h e  p i l o t  and c o p i l o t .  
F igu re s  13 (b) and 13  (c) a r e  c loseup  views of  t h e  cab in  on t h e  r i g h t  s i d e ,  and 
f i g u r e  13 (d) is a c loseup  view on t h e  l e f t  s i d e .  Due t o  r i v e t  shea r ,  separa-  
t i o n  of the  a i r f r ame  occurred on t h e  r i g h t  s i d e  along t h e  v e r t i c a l  edge of  t h e  
emergency escape hatch ( f i g s .  13  (b)  and 1 3  (c) ) and d i r e c t l y  oppos i t e  on t h e  
l e f t  s i d e  ( f i g .  1 3 ( d ) ) .  There is r i v e t  shear  and s k i n  s e p a r a t i o n  a c r o s s  t h e  
t o p  of t h e  cab in  a t  t h e  r e a r  o f  t h e  escape hatch,  and t h e r e  is  s k i n  buckl ing 
along t h e  roof of  t h e  cabin.  Figure 13  (d)  shows t h e  l e f t  s i d e  o f  t h e  -30° test  
specimen and t h e  cab in  s e p a r a t i o n  along t h e  window ledge ,  t h e  broken windows, 
and t h e  co l l apsed  nose s ec t i on .  The windshield c e n t e r  pos t  was f r a c t u r e d .  The 
deformation, t e a r ing ,  and buckl ing o f  t h e  nose of  t h e  test specimen a r e  q u i t e  
v i s i b l e .  Aft o f  t h e  f i r e  wal l ,  a l i v a b l e  volume was maintained i n s i d e  t h e  
cab in ,  
The i n t e r i o r  damage to t h e  -30° test specimen is shown i n  f i g u r e  14. The 
view lwkiing forward from t h e  main spa r  ( f i g .  1 4 ( a ) )  shows t h e  upheaval of  t h e  
f l m r  between t h e  p i l o t  and c o p i l o t ,  wi th  deformed cross-frame and beam-member 
f l o o r  supports .  The crew s e a t s  remained a t t ached  t o  t h e  f l o o r  a l though t h e  
s e a t  suppor t  s t r u c t u r e  on t h e  p i l o t  s e a t  was broken. The s t e e l  c a b l e  a t t ached  
t o  t h e  c o p i l o t  s e a t  d i d  n o t  c o n t r i b u t e  to t h e  suppor t  of  t h e  s e a t  b u t  was a 
p r e ~ a u t i o n ~ s r y  measure t o  r e s t r a i n  t h e  s e a t  and dummy had t h e  s e a t  detached from 
its f l o o r  mounts. The s e p a r a t i o n  o f  t h e  s k i n  along t h e  cross-frame member i n  
hack of t h e  main spar  is shown i n  f i g u r e  14 (b )  ; t h i s  view is looking forward a t  
t h e  r i g h t  s i d e  of  t h e  test specimen, wi th  t h e  d i sp l aced  window being t h e  emer- 
gency escape  hatch. The f l o o r  and l e f t  s i d e  o f  t h e  a i r p l a n e  i n  t h e  v i c i n i t y  of 
t h e  f i r s t  passenger a r e  shown i n  f i g u r e  1 4 ( c ) .  The f l o o r  cross-frame suppor t s  
a r e  bent  bu t  a t t ached ,  and t h e r e  a r e  buckles  i n  t h e  cross frame about  seat-pan 
level. a long t h e  l e f t  s i de .  A l s o  shown a r e  t h e  broken passenger window and t h e  
s epa ra t i on  of t he  cab in  along t h e  window l e v e l .  Figure 1 4 ( d )  shows an o v e r a l l  
view looking forward from t h e  a r e a  behind t h e  door. The third-passenger  s e a t  
was deformed because o f  t h e  apparen t  upward movement of  t h e  f l o o r  dur ing  t h e  
t a i l  slapdown. (See f i g .  1 2 ( h ) . )  The cross-member suppor t s  between t h e  two 
main l o n g i t u d i n a l  f l o o r  beams pu l l ed  l oose  from t h e  l e f t  beam ( f i g .  14 ) .  I n  
th@ f i r s t -pas senge r  l o c a t i o n ,  t h e  forward movement o f  t h e  dummy produced a 
s u f f i c i e n t  load on t h e  shoulder  r e s t r a i n t  system t o  cause t e a r i n g  of  t h e  a i r -  
frame s t ruc=ture  suppor t ing  t h e  i n e r t i a l  reel. 
-45O itest  specimen.- The photographic  sequence shown i n  f i g u r e  15  shows 
t h e  -45O test specimen i n  f r e e  f l i g h t ,  impact, and s l i d e  ou t .  The f r e e - f l i g h t  
v e l o e i t y  of  t h e  a i r p l a n e  shown i n  f i g u r e  15 ( a )  a t  0.05 sec p r i o r  to impact is 
28.6 m/sec and t h e  p i t c h  angle  is -47.25O. The i n i t i a l  impact shown i n  f i g -  
ure  1.5 (b) is followed i n  f i g u r e  15  (c) by complete s t r u c t u r a l  f a i l u r e  o f  t h e  
nose s e c t i o n  and impact of  t h e  engines .  The passenger  dummies d i d  no t  s t a r t  
responding t o  t h e  impact u n t i l  t = 0.10 sec ( f i g .  15 (d)  ) . Shown i n  f i g -  
u r e  L5(e)  is t h e  s t r u c t u r a l  c o l l a p s e  o f  t h e  cab in  a r e a  which e l i m i n a t e s  t h e  
l i v a b l e  volume i n s i d e  t h e  cab in  i n  t h e  v i c i n i t y  o f  t h e  crew and t h e  f i r s t  pas- 
senger .  F igure  1 5 ( e )  a l s o  shows t h e  wing t i p  l y i n g  f l a t  on t h e  impact su r f ace ,  
which is considered a second impact f o r  t h e  test.  The remaining frames show 
a quasi-reforming of t h e  cab in  volume dur ing  downward r o t a t i o n  of  t h e  fuse lage .  
I n  the  l a s t  two frames ( f i g s .  1 5 ( h )  and 1 5 ( i ) )  , t h e  cab in  has  reformed p r a c t i -  
c a l l y  t o  its o r i g i n a l  shape before  impact, and a cu r so ry  postexaminat ion of  the  
c r a s h  would no t  have revea led  t he  l o s s  of  l i v a b l e  volume which occurred i n s i d e  
t he  cab in  a rea .  This  l o s s  of  l i v a b l e  volume e s t a b l i s h e d  an upper boundary of 
-45O on f l i g h t - p a t h  ang le s  f o r  t he  o v e r a l l  c r a s h - t e s t  program ( t a b l e  ID. 
The c ra sh  damage t o  t h e  e x t e r i o r  of  t h e  -45O tes t  specimen is shown i n  fig- 
ure 16. An o v e r a l l  view of  t h e  r i g h t  f r o n t  s i d e  of  t he  a i r p l a n e  is shown i n  
f i g u r e  1 6 ( a )  which shows t h e  nose demolished, t h e  windshield broken, t h e  wind- 
s h i e l d  p o s t  broken both i n  t h e  c e n t e r  and r i g h t  s i d e ,  t he  damaged n a c e l l e  eover- 
ing, and t h e  c r e a s e  a c r o s s  t h e  t o p  o f  t h e  cab in  s e c t i o n  where inward f o l d i n g  of 
t he  roof s e c t i o n  has  taken p lace .  F igure  16 (b) is a c loseup  view of  t h e  r i g h t  
s i d e  and shows t h e  wing-to-cabin deformation,  t h e  breakaway of  t h e  emergency 
escape ha tch ,  t h e  s e p a r a t i o n  o f  cab in  and nose s e c t i o n  a t  t h e  f i r e  wa i l ,  and t h e  
f u e l  leakage. Fue l  leakage occur red  i n  both f u e l  t anks  because of  t h e  wing 
s t r u c t u r e  p i e r c i n g  t h e  f u e l  b ladders .  F igure  1 6 ( c )  shows t h e  cab in  s e c t i o n  
from t h e  l e f t  s i d e  and shows t h e  f r a c t u r e  of  t h e  l e f t  windshield p o s t  and col- 
l a p s e  of  t he  f i r s t  main-section frame a t  window l e v e l .  Also shown is r i v e t  
shear  a long t h e  window ledge and a c r o s s  t h e  t o p  of  t h e  cab in .  F igure  1 6 ( d )  is 
another  view of  t h e  damaged cab in  d i scussed  i n  t he  prev ious  f i g u r e  ( f i g ,  1 6  (c) ) 
and c l e a r l y  shows t h e  roof c r ea se .  S a f e t y  g l a s s  was used on t h e  l e f t  windshield 
and p l e x i g l a s s  was used on t h e  r i g h t  windshield.  The fragmentat ion p a t t e r n  for 
both s i d e s  is shown i n  f i g u r e  16. 
I n t e r i o r  cab in  damage t o  t he  -45O test  specimen is shown i n  f i g u r e  17.  
A view of  t h e  p i l o t  and c o p i l o t  s e c t i o n  of  t h e  cab in  ( f i g .  1 7 ( a ) )  shows t h e  
instrument  pane l  d i sp l aced  upward and t h e  c o n t r o l  wheel s h a f t  broken, wi th  t h e  
c o n t r o l  wheel bear ing  on t h e  p i l o t ' s  c h e s t .  The roof impacted t h e  head r e s t  
on the  p i l o t  s e a t  t o  deform it forward, caus ing  t h e  dummy p i l o t ' s  s h i n  to  r e s t  
on its ches t .  The upheaval o f  t h e  cab in- f loor  s e c t i o n  t h r u s t  t h e  dumy  c o p i l o t  
forward i n t o  t he  instrument  panel .  Figure 1 7 ( b )  shows a view through t h e  cab in  
door looking a t  t h e  r e a r  of  t h e  third-passenger  s e a t .  The forward motion of  
t h e  t h i r d  passenger dur ing  impact caused t h e  r e a r  s e a t  l e g s  of  t h e  t h i r d -  
passenger s e a t  t o  break loose  from t h e  s e a t  r a i l s ,  a s  shown. The s e a t  back is 
broken and the  dummy's arm is v i s i b l e  r e s t i n g  i n  t h e  a i s l e .  Motiolz-picture 
coverage of  t h e  i n t e r i o r  (see f i l m  supplement) i n d i c a t e s  t h a t  t h e  t h i r d  s e a t  
was broken dur ing  t h e  second impact. 
The type  of sub f loo r  s t r u c t u r a l  f a i l u r e  can be seen  i n  t h e  ovc3rall 
( f i g .  17 ( c ) )  and c loseup  ( f i g .  17 ( d ) )  photographs.  I n  f i g u r e  17 ( c )  is shiown 
t h e  r i v e t  shear  a long t h e  s i d e  w a l l  and between t h e  c r o s s  sheet-meital frames 
and t h e  l o n g i t u d i n a l  f l o o r  beams. Tearing o f  t he  sheet-metal frames is ev iden t  
a long t h e  e n t i r e  l eng th  o f  t h e  cab in  a r ea .  The c loseup  view ( f i g .  17(d)P 
shows the  sheared r i v e t s  l y i n g  on t h e  o u t e r  s k i n  and t h e  mangled c r o s s  frame 
s t r u c t u r e .  
Time H i s t o r i e s  of  Floor-Beam Normal Acce l e r a t i ons  
Complete sets of  t h e  a c c e l e r a t i o n  t ime-his tory t r a c e s  f o r  t h e  a i r p l a n e ,  
f o r  each c r a s h  test ,  a r e  included i n  t h e  appendix. They a r e  presen ted  i n  p l o t s  
according tca their location and orientation. The locations are divided into 
the floor beam, cabin floor and wing, roof, and dummies. 
Selected portions of accelerometer data, along the floor beam, on the 
f9mr under the first-passenger seat (fig. 7), and in the pelvis of the first 
passenger are presented and discussed in some detail in the following sections. 
Both normal and longitudinal accelerations are included. 
-l!iO test specimen.- In figure 18(a), eight acceleration time-history 
.- 
traces in the normal direction from the -15O impact are presented with timed 
events from photographic data super imposed on the traces for correlation and 
interpretation. The eight accelerometers are spaced along the floor beam of 
the airplane from the first nose frame (2B9N) to the door of the cabin (19B9N). 
The response of initial ground contact is felt immediately at the first frame 
(2B9NI and is seen to progress rearward to the instrument panel (9B9N), with 
diminishing intensity and with a slight time lag associated with the rear 
progression of the contact surface. The nose of the airplane exhibits high 
amplitude oscillatory behavior caused by the repeated sequence of negative 
accelerations . This oscillatory behavior is due to load transmission through 
structural failures and load build-up, thereby relieving load momentarily on 
undamaged structure and causing subsequent structural deceleration loading. 
This cyclle is repeated as various structural elements are loaded and succes- 
sively fail. Main spar ground contact (0.048 sec) produces a downward force 
in the nose sf the airplane (positive acceleration) and signals the initiation 
of cabin conipartment excitation. Acceleration peaks in the cabin compartment 
are a maximum in the vicinity of the main spar and diminish progressively from 
that pint rearward. At 0.091 sec (fig. 18 (a)) the loss of wing dihedral angle 
and wing grolund contact occurs, thus resulting in the twisting of the main spar. 
At this time, peak-to-peak accelerations of 130g and 50g are produced in the 
first-passenger aisle seat legs (15B9N and 17B9N). 
--30° test specimen. - Seven normal accelerations along the floor beam for 
p- 
the -300 impact are shown in figure 18(b). Accelerometer locations are similar 
to those of the -15O impact (fig. 8), except for the removal of the accelerom- 
eter from the middle of the luggage compartment in the nose of the airplane 
(4B9N at -lEio impact). The response at initial ground contact in the nose of 
the airplane is severe and is seen to progress rearward to the instrument panel 
(9B9N) with diminishing intensity. The maximum peak-to-peak acceleration at 
the fire wall (9B9N) is 190 percent higher for the -30° impact than for the 
-15" impact, 
Severe local accelerations in the vicinity of the floor under the instru- 
ment panel 69B9N) indicate structural vibrations (0.065 sec). The ground con- 
tact is seen to progress from the nose of the airplane rearward through the 
cabin area, The intensity of the accelerations in the cabin area increases 
markedly as the cabin first begins to make contact with the ground (0.085 sec) 
and the door begins to open. The main spar contact occurs at 0.107 sec and 
coincides with a large peak-to-peak acceleration of approximately 70g (15B9N) 
and 469 (16139N) in the first-passenger seat; also, it causes loss of an accel- 
erometer (18B9N) in the front aisle leg of the third-passenger seat. A second 
acceleration pulse occurs in the rear of the third-passenger seat (19B9N) when 
the floor starts to buckle upward (0.230 sec at 40g) and the rear of the cabin 
makes ground contact in the vicinity of the door. 
-45O test specimen.- Seven normal accelerations along the floor beam for 
the -4S0 impact are shown in fiqure 18(c). The accelerometer locati.ons are 
- - 
similar to those of -30O impact (fig. 8) . The response at initial ground con- 
tact in the nose of the airplane is most severe for the -4S0 impact; in fact, 
peak-to-peak accelerations as high as 310g are induced. On moving rearward 
after the progression of the impact pulse, the magnitudes of the acc:eleration 
decrease as some of the impact energy is absorbed by the nose structure and 
less difference in magnitude is evident between the -15Or -30°, and -45" accel- 
eration traces in the cabin area of the three test specimens. Overalls the 
duration of accelerations is shorter and less severe in the -15O impact than 
in the -30O impact or in the -450 impact. (See figs. 18 (a), 18 (b) , and 18 (c) ,I 
Time Histories of Floor-Beam Longitudinal Accelerations 
In figure 19, time histories of fuselage floor-beam longitudinal accelera- 
tions are presented for the -15O, -30°, and -45O test specimens, with timed 
events from photographic data superimposed on the traces for correlation and 
interpretation. 
-15O test specimen. - Seven accelerometers (fig. 19 (a) ) are spaced along 
the floor beam of the airplane from the first nose frame (2B9L) to t.he rear of 
the passenger seat (19B9L). The response at initial ground contact is felt 
immediately at the first frame (2B9L), and contact progresses rearward to the 
instrument panel (9B9L) with diminishing intensity but with about h a l f  the 
acceleration magnitudes experienced in the normal direction. Similarly, a char- 
acteristic high-amplitude oscillatory behavior in the nose of the airplane in 
the vicinity of the main spar is again evident for the longitudinal aceelera- 
tions as for the normal accelerations. Wing ground contact (second impact) is 
shown at 0.091 see. The time at which fuselage separation occurred (across the 
cabin roof in the vicinity of the main spar) coincides with the positive aecel- 
eration peak in 17B9L and 19B9L at 0.164 sec. 
-30O test specimen.- There are seven longitudinal accelerometer locations 
along the floor beam in the -30° impact test. The additional accelerometer 
location l8B9L was added when a passenger and seat were placed in the third- 
passenger position (fig. 7). The longitudinal accelerations for the -30" test 
specimen are shown in figure 19(b). The accelerometer below the instrument 
panel (9B9L) shows a peak-to-peak acceleration 340 percent greater for the -30" 
test specimen than for the -15O test specimen. The longitudinal peak-to-peak 
accelerations in the cabin area (15B9L to l9B9L) show an increase of appraxi- 
mately 130 percent over the -150 cabin accelerations. The change in flight- 
path angle has much greater effect on the nose to fire wall portion of the air- 
plane than in the passenger compartment. The third-passenger seat begins to 
deform, as determined from motion-picture data at wing ground contact. 
-45O test specimen. - In figure 19 (c) , eight longitudinal acceleration 
traces along the floor beam for the -45O test specimen are presented. The 
additional accelerometer location 20B9L was added when a passenger and seat 
were placed in  t h e  third-passenger  p o s i t i o n  ( f i g .  7 ) .  The magnitude of  t h e  
l o n g i t u d i n a l  a c c e l e r a t i o n  from t h e  nose t o  t h e  f i r e  w a l l  is about  t h e  same f o r  
" k h e  -45" thesic specimen a s  f o r  t h e  -30° t e s t  specimen. The l o n g i t u d i n a l  acce l -  
e r a t i o n s  i n  t h e  cab in  a r e a  a r e  a l s o  comparable t o  those  o f  t h e  -30° test  spec i -  
mena t h u s  i nd i ca t i ng  t h a t  severe  s t r u c t u r a l  deformations,  which l i m i t  t h e  
magnitudes of  t h e  a c c e l e r a t i o n s ,  a r e  t ak ing  p lace .  Also e v i d e n t  a r e  incons is -  
t e n c i e s  i n  i n d i v i d u a l  a c c e l e r a t i o n  t r a c e s  a t  approximately t h e  same f u s e l a g e  
l m a t i o n  - 9B9L and 18B9L a t  -30° and 9B9L and 17B9L a t  -45O - with  much h igher  
a c c e l e r a t i o n s  a t  -3O0. These i n c o n s i s t e n c i e s  can be a t t r i b u t e d  t o  severe  l o c a l  
s t r u c t u r a l  f a i l u r e s  changing t h e  c h a r a c t e r  of  t h e  l o c a l  response. Wing ground 
c o n t a c t  a t  0,120 see t o  maximum c l o s u r e  o f  t h e  cab in  i n t e r i o r  a t  0.171 sec 
corresponds t o  t h e  maximum l o n g i t u d i n a l  a c c e l e r a t i o n s  i n  t h e  cab in  i n t e r i o r  
with t h e  max imm l o n g i t u d i n a l  a c c e l e r a t i o n  occur r  ing near maximum cab in  c l o s u r e  
(0.158 see). Af te r  maximum cab in  c lo su re ,  t h e  cab in  began t o  reform a s  t h e  
a i r p l a n e  t a i l  r o t a t e d  t o  a h o r i z o n t a l  p o s i t i o n  and cont inued i ts h o r i z o n t a l  
slide-out f o r  approximately 30 m. 
P r o f i l e s  of  Floor-Beam Maximum Peak-to-Peak Normal and 
Longi tud ina l  Acce l e r a t i ons  
Figure 20 shows a p r o f i l e  of  t h e  normal and l o n g i t u d i n a l  peak-to-peak 
a c c e l e r a t i o n s  along t h e  f l o o r  beam f o r  t h e  -15O, -30°, and -450 test  specimens. 
Prom t he  p r o f i l e ,  t h e  h ighes t  and lowest  peak-to-peak l e v e l s  and t h e i r  l o c a t i o n s  
along t h e  f l o o r  beam can be determined. 
The average of  t h e  h ighes t  peak-to-peak a c c e l e r a t i o n s  along t h e  f l o o r  beam 
i n  t h e  normal d i r e c t i o n  f o r  t h e  -30° and -45O test specimens was less than  twice 
t h a t  of t he  -15O test specimen; whereas i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  t h e  
average for t h e  -30° and -45O test  specimens was t h r e e  t o  four  times t h a t  o f  
t he  -15" test specimen. 
A t  a l l  t h r e e  f l i g h t - p a t h  angles ,  t h e  h igher  l o n g i t u d i n a l  a c c e l e r a t i o n  
l e v e l s  were experienced forward of  t h e  main spar  and t h e  lower l e v e l s  were 
experienced toward t h e  r e a r  of t h e  cabin.  A t  -45O, t h e  nose end o f  t h e  a i r p l a n e  
was completely crushed,  energy was absorbed, and load p a t h s  were r e d i s t r i b u t e d  - 
account ing f o r  some load  a l l e v i a t i o n  and lower peak-to-peak a c c e l e r a t i o n  l e v e l s  
on t he  f l o o r  beam than a t  -30°. The normal and l o n g i t u d i n a l  maximum peak-to- 
peak levels were of approximately t h e  same va lue  f o r  t h e  -45O tests. 
For t h e  -15O test specimen, t h e  normal peak-to-peak a c c e l e r a t i o n  l e v e l s  
( f i g .  2 0 ( a ) )  were more than  twice t h e  l o n g i t u d i n a l  a c c e l e r a t i o n  l e v e l s  
( f i g .  20 ( b ) )  . This was due t o  higher  d e c e l e r a t i o n s  i n  t h e  normal d i r e c t i o n  
when t h e  a i r p l a n e  contac ted  t h e  impact s u r f a c e  and a b r u p t l y  stopped t h e  motion 
i n  t h a t  di l rect ion.  However, a f t e r  i n i t i a l  impact i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  
t h e  a i r p l a n e  skidded f o r  some d i s t a n c e  and then  came to a s top ;  t h i s  long sk id  
distance con t r ibu t ed  t o  lower l o n g i t u d i n a l  d e c e l e r a t i o n  fo rces .  I n  f i g u r e  20 (b)  
t h e  Porngi"ed.inal l e v e l s  a r e  shown t o  be n e a r l y  cons t an t  f o r  t h e  e n t i r e  l e n g t h  
of t he  f l o o r  beam, t hus  i n d i c a t i n g  l i t t l e  floor-beam deformation f o r  t h e  -15O 
t e s t  specimen but  s eve re  s t r u c t u r a l  c o l l a p s e  and floor-beam deformations f o r  
t he  -30" and -45O test specimens. The e f f e c t  of  changes i n  f l i g h t - p a t h  ang le  
is more ev iden t  i n  t he  forward po r t ion  of the  fuse lage  (forward of the main 
spa r )  than  i n  t h e  cabin  a r e a  f o r  t h e  t h r e e  nose-down impact t e s t s .  
Acce lera t ions  on Cabin Sea t s  and Occupants 
The normal a c c e l e r a t i o n s  on t h e  f l o o r  under t h e  s e a t  and on t h e  p e l v i s  of 
the f i r s t  passenger a r e  presented i n  f i g u r e  21. Accelerometers were mounted 
ad jacent  t o  each of t h e  four  s e a t  l egs .  
The l o n g i t u d i n a l  a c c e l e r a t i o n s  i n  t he  f l o o r  beam adjacent  t o  the  l e g s  of 
t he  f i r s t -pas senge r  s e a t  a r e  shown i n  f i g u r e  22. The f r o n t  s e a t  l e g  loea"cions 
experienced higher  l o n g i t u d i n a l  d e c e l e r a t i o n  loads  than d i d  t h e  r e a r  seat l e g  
l o c a t i o n s  a s  t h e  occupant moved forward upon impact, 
Normal a c c e l e r a t i o n s  a t  -15O.- Figure 21(a)  shows the  normal acce3_erations 
f o r  t h e  -150 t e s t  specimen. Peak-to-peak a c c e l e r a t i o n s  of 130g and 81g were 
recorded on the  f l o o r  under t he  two f r o n t  s e a t  l e g s  a t  t he  f i r s t -pas senge r  loca-  
t i on ,  and a c c e l e r a t i o n s  of 76g (58 percent  of l30g)  were recorded i n  t h e  p e l v i s  
approximately 0.025 s e c  l a t e r .  The peak-to-peak a c c e l e r a t i o n s  under t he  r e a r  
s e a t  l e g s  were 60g and 80g and corresponded t o  a 369 pu l se  (45 percent  of 8OgB 
on the  p e l v i s  - again  wi th  a de lay  of approximately 0.025 sec .  
Normal a c c e l e r a t i o n s  a t  -30°.- Figure 21(b)  shows t h e  normal a c c e l e r a t i o n s  
for  the  -30° t e s t  specimen. Peak-to-peak a c c e l e r a t i o n s  of 70g and 68g were 
recorded on t h e  f l o o r  under t h e  two f r o n t  s e a t  l e g s  and 45g and 32g under t h e  
two r e a r  s e a t  l egs .  The a c c e l e r a t i o n  on the  p e l v i s  was recorded a t  40g 615 per- 
cent  of 70g) approximately 0.02 s e e  l a t e r .  
The -30° t e s t  specimen was the  only  one i n  which the  r e s t r a i n t  system of 
t h e  f i r s t  passenger was instrumented wi th  load  c e l l s .  The p o s i t i v e  (downward) 
peak-to-peak a c c e l e r a t i o n s  of 60g ( f i g .  2 1 ( b ) )  i n  t he  p e l v i s  corresponded to  
a 5.3-kN t e n s i l e  f o r c e  i n  t h e  shoulder  harness  ( see  appendix f i g .  A3 (f) ) when 
the  occupant ' s  r e l a t i v e  motion with r e s p e c t  t o  t he  s e a t  was stopped by the  
r e s t r a i n t  system. 
Normal a c c e l e r a t i o n s  a t  -45O.- Some unusual a i r p l a n e  c r a s h  behavior was 
exh ib i t ed  by t h e  -45O t e s t  specimen dur ing  impact. F i r s t ,  t h e  nose of t h e  a i r -  
plane impacted and crushed p rog res s ive ly  t o  t he  f i r e  wa l l  while  t he  remaining 
po r t ion  of  t h e  fuse l age  maintained i t s  -45O f l i g h t - p a t h  angle,  t hus  e l imina t ing  
t h e  l i v a b l e  volume i n  t he  cabin. This  behavior was followed by a downward 
r o t a t i o n  and a reforming of  t h e  fuse l age  immediately t h e r e a f t e r .  The r e s u l t i n g  
a c c e l e r a t i o n s  ( f i g .  2 1 ( c ) )  on the  f l o o r  and i n  t he  p e l v i s  of the f i r s t  passen- 
ger  lacked t h e  smoothness and well-defined p e l v i c  pulse  of t h e  -lS0 and -30° 
t e s t  specimens. Nevertheless ,  peak-to-peak a c c e l e r a t i o n s  on the  f l o o r  were 8Og 
and 65g next  t o  t h e  f r o n t  s e a t  l e g s  and 60g and 809 next  t o  t h e  r e a r  s e a t  l egs .  
The peak-to-peak a c c e l e r a t i o n  on the  p e l v i s  was 30g (38 percent  of 8 0 g ) ,  which 
occurred a t  about  0.015 s e c  l a t e r .  The s e a t  deformed, absorbing some of t h e  
impact energy and reducing the  p e l v i c  acce l e ra t ions .  
E f f e c t s  of normal acce l e ra t ions . -  The p e l v i s  peak-to-peak accel lerat ions i n  
the  -15O, -30°, and -45O t e s t  specimens were 769 ( f i g .  21 ( a )  ) , 40g ( f i g ,  21 (b) ) , 
and 30g ( f i g *  2 l ( c ) ) ,  r e spec t ive ly .  The 76g a c c e l e r a t i o n  r e f l e c t s  t h e  e f f e c t  
of cabin s l a p d o m  on t h e  impact su r f ace .  A p o s i t i v e  60g peak-to-peak p u l s e  
was due t o  t he  e f f e c t  produced by t h e  dummy l i f t i n g  o f f  t he  s e a t  a g a i n s t  t h e  
r e s t r a i n t  system. The 309 a c c e l e r a t i o n  r e f l e c t s  t h e  e f f e c t  energy abso rp t ion  
p l ays  i n  reducing load  t ransmiss ion .  A g r e a t e r  t o t a l  s e a t  deformation was 
obtairhed i n  t h e  -45O test  specimen than  was ob t a ined  i n  e i t h e r  t h e  -15O o r  -30° 
test  specimens. This  s i t u a t i o n  sugges t s  t h a t  a c c e l e r a t i o n s  experienced i n  a i r -  
c r a f t  c r a shes  a r e  l i m i t e d  by t h e  even tua l  c o l l a p s e  of  t h e  surrounding s t r u c t u r e .  
Unfortunately,  t h i s  s t r u c t u r a l  c o l l a p s e  may a l s o  be accompanied by t h e  loss of 
a l i v a b l e  volume wi th in  t h e  cab in  a r ea ,  a f f e c t i n g  t h e  s u r v i v a b i l i t y  of  t h e  
occupant ,  I n  a crashworthy des ign ,  t he  s t r u c t u r a l  c o l l a p s e  would be c o n t r o l l e d  
to  produce maximum energy abso rp t ion  and s t i l l  main ta in  l i v a b l e  volume i n  t h e  
cabin.  
Longitu'dinal a c c e l e r a t i o n s  a t  -15O.- A s  shown f o r  t h e  -15O test  specimen 
i n  f i g u r e  2 2 ( a ) ,  l o n g i t u d i n a l  peak-to-peak a c c e l e r a t i o n s  of 409 and 50g were 
recorded ad j acen t  to t h e  f r o n t  s e a t  l e g s  and 35g and 12g ad j acen t  to  t h e  r e a r  
s e a t  legs. These a c c e l e r a t i o n  pu l se s  were recorded i n  t he  p e l v i s  wi th  a peak- 
to-peak va lue  of  1159 occu r r ing  0.025 sec l a t e r .  
Longitwd i n a l  a c c e l e r a t i o n s  a t  -3Q0. - A s  shown f o r  t h e  -300 test specimen 
i n  f i<ure 22 (b)  , l o n g i t u d i n a l  peak-to-peak a c c e l e r a t i o n s  of  120g and 40g were 
recorded on the  f l o o r  ad j acen t  to t h e  f r o n t  s e a t  l e g s  and 65g and 40g ad j acen t  
to t h e  r e a r  s e a t  l egs .  These peaks were recorded i n  t h e  p e l v i s  a s  a 409 peak- 
to-peak pu l se  occu r r ing  0.025 sec l a t e r .  
Longi tud ina l  a c c e l e r a t i o n s  a t  -45O.- A s  shown f o r  t h e  -450 tes t  specimen 
i n  f i g u r e  2 2 ( c ) ,  l o n g i t u d i n a l  peak-to-peak a c c e l e r a t i o n s  ad j acen t  to each o f  
t h e  fou r  s e a t  l e g s  were approximately t h e  same: 409 f o r  t h e  two f r o n t  l e g s  and 
35g f o r  the two r e a r  s e a t  l egs .  The p e l v i s  a l s o  experienced t h e  same value a s  
t h e  t w o  rear l e g s  of 35g occu r r ing  0.025 see l a t e r .  
Effects of  normal and l o n g i t u d i n a l  acce l e r a t i ons . -  The -lSO l o n g i t u d i n a l  
a c c e l e r a t i o n s  have a higher  peak-to-peak p e l v i c  magnitude ( l l 5 g )  t han  t h e  
equ iva l en t  normal p e l v i c  d e c e l e r a t i o n  pu l se  (76g) .  The -30° normal and longi -  
tudinal peak-to-peak p e l v i c  a c c e l e r a t i o n s  a r e  t h e  same (40g) ,  and t h e  -45O nor- 
mal and l o n g i t u d i n a l  p e l v i c  a c c e l e r a t i o n s  a r e  a l s o  of  t he  same order  of  magni- 
tude 1309 and 35g).  The type  of r e s t r a i n t  system could have an i n f luence  on 
t h e  load ings  experienced by t h e  occupant.  
S OF RESULTS 
Three f u l l - s c a l e  twin-engine a i r p l a n e  specimens were c r a s h  t e s t e d  a t  
f l i g h t - p a t h  angles  of  -IS0, -30°, and -45O wi th  a cons t an t  f l i g h t - p a t h  v e l o c i t y  
of 27 m/see, These tests were p a r t  of  a program to i n v e s t i g a t e  a i r p l a n e  
response to  c o n t r o l l e d  c r a sh  condi t ions .  The r e s u l t s  a r e  summarized i n  t h e  
f o l l m i n g  obse rva t ions  : 
1, S t r u c t u r a l  darnage to t h e  nose s e c t i o n  was s eve re  i n  t h e  -3Q0 and -45* 
t e s t  specimens bu t  on ly  moderate i n  t h e  -15O test  specimen. I n  t h e  -15O test  
specimen, t h e  f l o o r  beams and suppor t ing  frames e x h i b i t e d  moderate buckl ing,  
but  both buckling and r i v e t  shear of the subfloor s t r u c t u r e  occurred i n  the  
-3Q0 t e s t  specimen and t h e  -450 t e s t  specimen. 
2 .  A l i v a b l e  cabin volume was maintained i n  the  -150 and -300 t e s t  speci- 
mens, but f o r  the  -45O t e s t  specimen t h e  s t r u c t u r a l  co l l apse  of the  cabin 
eliminated the  l i v a b l e  volume ins ide  the  cabin i n  the  v i c i n i t y  of the crew and 
f i r s t  passenger. This l o s s  of l i v a b l e  cabin volume es tab l i shed  an upper bound- 
a r y  of -45O on f l ight -path  angles. 
3. The e f f e c t s  of change i n  f l ight -path  angle a r e  evident  i n  the  peak-to- 
peak acce le ra t ions  i n  the  forward por t ion  of the fuselage,  from the nose t o  the  
f i r e  wall ,  but a r e  not a s  evident  i n  the  cabin area.  
4. A l l  th ree  test specimens exhibi ted  r i v e t  shear across the  top  of the  
fuselage i n  the  v i c i n i t y  of the  main spar  and along t h e  window ledge. The 
peak-to-peak acce le ra t ions  i n  the  cabin area  a r e  higher forward of the main 
spar and diminish progress ively  from t h a t  point  rearward. These t e s t  r e s u l t s  
suggest t h a t  the  peak-to-peak acce le ra t ions  during the  crash  sequence a r e  
l imi ted  by the  eventual  co l l apse  of t h e  surrounding a i rp lane  s t r u c t u r e -  
5. The f i rs t -passenger  p e l v i s  peak-to-peak normal acce le ra t ions  i n  the  
-15O, -30°, and -45O t e s t  specimens were 769, 40g, and 30g, respect ive ly ,  and 
the long i tud ina l  peak-to-peak acce le ra t ions  were 115gr 40g, and 3553. These 
va r i a t ions  i n  acce le ra t ions  a r e  a t t r i b u t e d  t o  t h e  f l igh t -pa th  angle, t o  the  
r e s t r a i n t  system, and t o  the  co l l apse  of the s e a t  s t ruc tu re .  
6 .  The average of the  h ighes t  peak-to-peak acce le ra t ions  along the  f l o o r  
beam i n  the  normal d i r e c t i o n  for  the -3O0 and -45O t e s t  specimens was l e s s  than 
twice t h a t  of t h e  -15O t e s t  specimen; whereas i n  t h e  long i tud ina l  d i r e c t i o n  the 
average for  the  -30° and -450 test specimens was three  t o  four times t h a t  of 
the  -15O t e s t  specimen. 
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TABLE: I.- IMPACT PARAMETERS FOR TWIN-ENGINE AIRPLANE S P E C I m S  




a~pecifically discussed in present paper. 
bMaximum velocity for free fall due to height limitation. 

Auxiliary umbilical /- Movable bridge and platform 7 pullback platform 
Gantry 
Figure  2, -  Diagram of  Langley impact dynamics research facility. 


y Flight-path angle 
a  Angle of at tack 
8 Pitch angle, 
6 = y + a  
d, Roll angle 
# Yaw angle 
Figure 5.- Coordinate system and crash attitude. 

COPILOT WITH LAP BELTJ~ y - 2 ~ 4  PASSENGER WITH LAP BELT 
PILOT WITH 5-POINT 
SHOULDER AlNT SYSTEM 
( a )  -15O test specimen. 
NGER WlTH LAP 
RESTRAINT SY DER BELTS 
PILOT WITH L ITH LAP AND 
SHOULDER BELT 
(b) -30° test specimen. 
COPILOT WITH 4 3RD PASSENGER WITH LAP 
RESTRAINT BELTS 
PILOT WITH LAP AND PASSENGER WITH LAP AND 
SHOULDER BELTS ULDER BELTS 
(c) -45O test  specimen. 
Figure 7.- Arrangement of  s e a t s ,  dummies, and r e s t r a i n t  systems 
f o r  va r ious  f l i g h t - p a t h  t e s t  specimens. 
I ' i  i i i  i l - C - I - I W * C + 4  I ! ! ! !  i i !  ! I I i I I  i ' ,+-I 
Accelerometer identification 
Floor 
@ Roof and tail 
Wheel well and wings 
k Pilot and 1st passenger 
Accelerometers in dummies 
Pilot, pelvic, normal l l C 8  
Pilot, pelvic, longitudinal l l C  8 
Pilot, head, normol 12F 8 
Pilot, head, longitudinal 12F 8 
n. , 1st passenger, pelvic, normal 16C 8 
1st passenger, pelvic, longitudinal 16C 8 
1st passenger, head, normol 16F 8 
1st passenger, heod, longitudinol 16F 8 
(b) -30' test 
u, 
Accelerometers cn dummtes 
Cop~lot, pelvlc, normal 
PI lot, pelv~c, normal 
Pllot, pelvlc, longttudtnal 
PI lot, chest, normal 
Pllot. chest, long~tudlnal 
Pllot, heod, normal 
Pilot, head, long~tud~nal 
1st passenger, seat pan, normd 
1st passenger, pelvlc, normal 
1st passenger, pelvlc, long~tudlnal 
1st possenger, chest, normal 
1st passenger, chest, longltud~nol 
1st passenger, head, normal 
1st passenger, head, long~tud~nal 
3rd passenger, seat pan, normal 
3rd possenger, pelvlc, normal 
3rd possenger, pelv~c. longctudlnal 
3rd passenger, chest, normol 
3 r d  passenger, chest, long~tud~nal 
3 rd  passenger, head normal 
3 rd  passenger, head: long~tudlnal 
Load cel ls-  restraint belts 
Pllot , shoulder 
1st passenger, lap 
1st passenger, shoulder 
3 rd  passenger, lap 
3rd possenger, shoulder 
Accelerometers in dummies 
Copilot, pelvic, normol I l C l l  
Pilot, pelvic, normal l l C 8  
Pilot, pelvic, longitudinal I I C  8 
Pilot, chest, normal 12E 8 
Pilot, chest, longitudinal 12E 8 
Pilot, head, normol 12F 8 
Pilot, head, lonaitudinal 12F 8 
1st passenger, sebt pan. normal 16c 8 
1st passenger. pelv~c, normal 16C8 
1st passenger, pelv~c, lonqitua~nol 16C 8 
1st Dassenaer, chest. normal 
1st bassenier, chest; long~kdlnal 
1st passenger, head, normal 
1st passenaer. head. lona~tudlnal 
3rd passenger, seat pan: normal 
3rd possenger, pelvic, normol 
3rd passenger, pelv~c, lonaitud~nal 
3rd possenger, cnest, normal 
3rd passenger. chest, long~tudinal 
3rd passenger. head, normal 
3 rd  possenger, heod, longitudinol 
Figure 8. - Accelerometer locations on test specimens 
and in dummies. 
(a )  Pullback p o s i t i o n .  (b) B e f o r e  impact .  (c) B e f o r e  impact .  
(d) I n i t i a l  impac t ;  (e) Time = 0.05 sec. ( f )  Time = 0.10 sec. 
Time = 0 sec. 
( g )  Time = 0.15 sec. ( h )  Time = 0.20 sec. (i) Time = 0.25 sec. 
( j )  Time  = 0.30 sec. (k )  Time = 0.35 sec. (1) Time = 0.40 sec. 
L-74-2693 
F i g u r e  9.- P h o t o g r a p h i c  sequence  o f  -15O test  specimen.  

(a) View looking rearward. (b) View looking forward. 
(c) View through doorway. (d) View of cockpit area. 
L-78-96 
Figure 11.- Interior damage to -lSO tes t  specimen. 
(a) P r i o r  to  impact .  (b)  Time = -0.01 sec. (c) Time = 0.04 see. 
(d)  Time = 0.09 sec. (e) Time = 0.14 sec. (f) Time = 0.19 sac. 
( g )  Time = 0.24 sec. ( h )  Time = 0.29 sec. (i) Time = 0.34 see. 
(j) Time = 0.39 sec. (k) Time = 0.44 sec. (1) Time = 0.49 see. 
L-78-97 
F i g u r e  12.- P h o t o g r a p h i c  sequence  o f  -30° test  specimen.  

(a) View of cockpit area. (b) View of right side at main spar. 
(c) view of floor and l e f t  side. (d)  View looking forward i n  cabin area, 















































































































































































( a )  -15O t e s t  specimen. 
Figure 18.- Time h i s t o r i e s  of normal accelera t ions .  
M A I N  SPAR CONTACT REAR CABIN CONTACT FORWARD CABIN CONTACT 1 W!NG GROUND CONTACT I 
Acceleration, I I 1 I 
Time. sec 
(b) -30° test specimen.  
F i g u r e  18.- Cont inued.  
CABIN REFORMED WING GROUND CONTACT 
hn,AXIMUM CABIN CLOSURE 
Acceleration, 
Time, sec 
(c) -45O test  specimen. 
Figure 18.- Concluded. 

W I N  SPAR CONTACT REAR CABIN CONTACT 
FORWARD CABIN CONTtCT 1 W!NG GROUND CONTACT I 
Acceleration. 
g un i t s  50 
0 15B9L 
-50 
0 .02 .04 .06 .08 .10 .12 .14 .16 .18 .20 .22 .24 .26 .28 .30 .32 
Time, sec 
(b) -3Q0 test specimen. 
Figure 19.- Continued. 
150 WING GROUND CONTACT CAB IN REFORMED 





(c) -45O test  s p e c i m e n .  
F i g u r e  1 9 .  - C o n c l u d e d .  
Longitudinal station 
Peak-to-peqk 
accelerations, 2 0 0  
g units -.- -45Otest, average 188 g 
- - - - - -  
-30°test, average 126 g 
100 - 1  5" test, overage 106 g 
\ 
L - ...-- - 
0 I I  I C I I I I 1 1 1 1  
Longitudinal  station 








'- 4,' \ 
---- - -  - 30°  test, averloge 195 g 
\ \ 
- -  - 
-45"  test, avelrage 152 g \---- 
\\ 
a, 
. <+ - 
- 15' test, average 4 7" g 
01 1 1  I I I I I 1  1 1 1 1  -- 
Longitudinal  station 
(b) Longitudinal accelerations. 






























Included in this appendix is the complete set of acceleration time his- 
tories for the three crash tests and a schematic to help determine the accel- 
erometer %waitions corresponding to the time histories. (See figs. A1 
to A4. ) 
The data have been passed through a 4- to 3300-Hz band-pass filter during 
recording and then digitized at 4000 samples per second. The digitized data 
were smoothed by a least-squares fit through every 50 points on a third-order 
wlynomial anid a 10-point overlap for continuity. 
The data are grouped according to the accelerometer location and orien- 
tation. The accelerometer location is represented in the schematic by a 
coordinate system in the x-, z-, and y-directions. The accelerometer normal, 
longitudinalp and transverse orientations are indicated on the traces by N, 
L, and T, respectively. Thus, the first accelerometer adjacent to the floor 
beam in the normal direction is represented by 2B9N. Each station block along 
the X-, Z-, and Y-axes is 25.4 cm in length. 
On the data plots, the abscissa represents elapsed time in seconds. Zero 
time is the time at initial contact, that is, the time at which the fuselage 
first contacted the impact surface. The accelerations in the ordinate are 
expressed in g units and each trace is identified by the location and orienta- 







(a) Normal accelerations adjacent to floor beam. 







(c) Normal accelerations on cabin floor and wing, 























(b) Longi tud ina l  a c c e l e r a t i o n s  ad j acen t  to f l o o r  beam. 




0 .02 .M .& .08 .10 .12 .14 .16 .18 .20 .22 .24 .26 .28 .30 .32 .34 .36 .38 
Tlme, sec 
(c) Remaining normal structural accelerations. 





(d) Remaining longitudinal structural accelerations. 
Figure A3.- Continued. 
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g units 50 
16C8N 0 
THIRD-PASSENGER PELVIS 
0 .02 .M .ffi .08 .10 .12 .14 .16 .I8 .20 .22 $24 .26 .28 .3fJ .32 .34 
Time. sec 
(e) Normal accelerations in dummies and on seats. 
Figure A3.- Continued. 
APPENDIX 
g units 50 





. 6.7 115001 .+JL. u..., > t --- 
. . THIRD-PASSENGLR LAI' 61L 
4.4 (1M)OI . . . . . .  
.... 
2.2 1 5M)I 
19D8 0 YLL;;...., 
Time, sec 
(f) Longi tud ina l  a c c e l e r a t i o n s  i n  dummies and r e s t r a i n t  system. 








(a) Normal accelerations ada jcent to floor beam. 
Figure A4.- Acceleration time histories for -4S0 test specimen. 
APPENDIX 
Time, sec 
(b) Longitudinal accelerations adjacent to floor beam. 
Figure A4. -  Continued. 
APPENDIX 
0 .M .&I .06 .08 .10 .12 .14 .16 .I8 .20 .22 .24 .26 .28 .30 .32 24 
Tlme, sec 
(c) Remaining normal s t r u c t u r a l  a c c e l e r a t i o n s .  
F igure  A4.- Continued. 
APPENDIX 
Time. sec 
(d) Remaining l o n g i t u d i n a l  s t r u c t u r a l  a c c e l e r a t i o n s .  
F igure  A4.- Continued. 
APPENDIX 
Acceleration, 
g u n i t s  
5C .; . . . .. .. .... -. 1 .-... . 
. . 
. . . . . 
. . , I I PILOT CHEST 
I ,  , , / .  , I . .  .... ., , 
. , .  I -  ,.- 
P l LOT PELVl S 
PAN 
0 .02 .M .06 .08 .lo .12 .14 .16 .18 .20 .22 .24 .26 .28 .30 .32 .M 
Time, sec 
(e) Normal accelerations in dumies and on seats. 
Figure A4.-  Continued. 
Acceleration, 











0 .02 .M .06 .08 .lo .I2 .14 .16 .18 .20 .22 .24 .26 .28 .30 .32 .34 
Time, sec 
(f) Longitudinal accelerations in dummies. 
Figure A4.- Concluded. 
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